1. Introduction {#sec1}
===============

In recent years, stimulus-responsive hydrogels that can exhibit reversible volume and/or shape responses to external stimuli, such as pH, temperature, light, electric fields, ionic strength, presence of specific ions, antigens, and glucose,^[@ref1]^ have gained substantial interest and attention for a variety of potential applications, such as components of drug delivery systems, microfluidic devices, tissue implants, contact lenses, and chemo-mechanical sensors and actuators.^[@ref2]^

"Smart", stimulus-responsive hydrogels can achieve distinct mechanical reinforcement as well as optical, electronic, antimicrobial, photothermal, and/or photocatalytic properties by incorporation of various nano- and micro-scale materials such as metal particles, magnetic nanoparticles, or biological molecules into the hydrogel matrix.^[@cit2c],[@ref3]^ Such nanocomposites of responsive hydrogels can exhibit unique dual-responsive properties with the capability of actuation at a distance. Studies show that the nanocomposites of temperature-responsive hydrogels can be actuated by external stimuli like light or magnetic field and thus can be used as externally actuated drug delivery systems^[@ref4]^ and in microfluidic devices.^[@ref5]^

In this context, magnetic carriers have recently attracted the attention of researchers due to the fact that they show several advantages, such as in vivo degradation into nontoxic ions, direct visualization by magnetic resonance imaging (MRI), and magnetic drug targeting in opportune sites under the influence of a magnetic field.^[@ref6]^ Magnetic nanoparticles have also gained great importance because of their capability to be functionalized at both cellular and molecular levels.^[@ref7]^ Among magnetic carriers, particular attention has been paid to magnetic hydrogels (or ferrogels). They are cross-linked polymer networks containing magnetic nanoparticles. They represent unique materials in that they are mechanically soft and highly elastic, and at the same time, they exhibit a significant magnetic response.^[@cit6a],[@ref8]^

The direct advantage of inclusion of magnetic nanoparticles into hydrogels is the achievement of magnetically guided drug delivery, which allows site-specific drug transport.^[@ref9]^ Moreover, in such systems, magnetic stimuli can be used to produce controllable distortion of the hydrogel matrix and remotely control the release of encapsulated therapeutic agents.^[@ref10]^ Based on these facts, magnetic hydrogel nanocomposites become attractive in the context of development of site-specific and/or time-controlled delivery systems.^[@ref11]^ Furthermore, magnetic nanoparticles, especially magnetite nanoparticles, bestow novel features on the resulting nanocomposites, which are valuable for other applications including medical imaging.^[@ref12]^

In this context, superparamagnetic iron oxide nanoparticles (Fe~3~O~4~) have gained the primary focus in the field of magnetic nanoparticles due to their larger magnetic moments, excellent superparamagnetism, low toxicity (or low toxic potential), and high stability in aqueous media.^[@cit12b],[@ref13]^ It has been shown that the size of magnetic nanoparticles has a significant effect on their in vivo behavior and uptake by cells.^[@ref14]^ Changes in nanoparticle size and shape could lead to alterations in receptor cross-linking and cellular responses.^[@ref14]^ It is generally observed that nanoparticles with diameters ranging from 10 to 100 nm are optimal for in vivo applications with acceptable pharmacokinetics, whereas superparamagnetism of the Fe~3~O~4~ nanoparticle emerges when the particle size goes below 20 nm.^[@ref15]^ Superparamagnetism, an important property, which indicates no retention of magnetism after the removal of an external magnetic field, is crucial for many biomedical applications, such as early detection of inflammatory cancer and diabetes, magnetic resonance imaging (MRI), hyperthermia, gene therapy, stem cell tracking, tissue repair, and manipulation of cell organelles.^[@ref16]^ Thus, it is evident that stimulus-responsive magnetic nanocomposite hydrogels are of great importance in the research field.

Among these stimulus-responsive magnetic nanocomposite hydrogels, pH-sensitive hydrogels have received immense interest in biomedical applications, such as in disease diagnosis, as polymeric drug carriers, and as biosensors, because pH is an important environmental factor in the body and some disease states manifest themselves by a change in pH value.^[@cit6a],[@ref17]^ For example, they can be used in the delivery of therapeutic agents to the tumor site and/or to diagnose the disease because the extracellular pH of the tumor site is lower (pH 5) than the extracellular pH of normal tissue (pH 7.4);^[@cit6a],[@ref18]^ in the drug delivery to the intestine (pH 6.8), but protecting the drugs, especially protein drugs, from getting destroyed by gastric acid or decreasing the harm of irritant drugs on gastric mucosa in stomach (pH 1.2);^[@cit17a],[@ref19]^ for diagnosis of kidney stone patients with type II diabetes, who are reported to have lower pH urine than normal individuals;^[@ref20]^ and for diagnosis of skin diseases related to skin disorders such as dermatitis (pH 6.6), ichthyosis (pH 4.6 and 5.3), and fungal infections (pH 5.1--5.7).^[@ref21]^ Moreover, pH-sensitive hydrogels are particularly attractive for implantable devices/applications, since they do not require an on-board power source and/or electronic circuitry.^[@ref22]^ In particular, hydrogels that are sensitive to pH have become increasingly important for use in chemical microsensor technology.^[@ref23]^ Such sensors usually consist of a stimulus-responsive hydrogel, which is used as a sensing element and a transducer to convert the response of the hydrogel to the optical or electrical domain.^[@ref24]^ Overall, pH-responsive magnetic nanocomposite hydrogels are potential materials for several applications in the biomedical field, namely, as a contrast agent in magnetic resonance imaging (MRI), delivery systems (drugs, genes, proteins), magnetic hyperthermia, bioanalysis and immunoassays, cell labeling, enzyme immobilization, etc.^[@ref25]^ It should be noted that such magnetic nanocomposite hydrogels can increase the transverse relaxivity (*T*~2~ relaxivity) by enhancing the interaction between the water protons and the magnetic fields near the superparamagnetic iron oxide nanoparticles, resulting in an enhanced darkening effect to improve contrast in *T*~2~-weighted magnetic resonance imaging (MRI).^[@ref26]^ Furthermore, wrapping the clustered superparamagnetic nanoparticles in the interior of a polymer/hydrogel can greatly shorten the intraparticle distance, which may lead to a synergistic increase in *T*~2~ relaxivity^[@ref26],[@ref27]^ and thus such system can serve as an excellent negative contrast agent in MRI. It has important applications in environmental remediation also, such as wastewater treatment, dye adsorption, magnetic separation/bioseparation, etc., where pH plays an important role.^[@ref28]^ pH-sensitive hydrogels are produced by adding an acidic or a basic functional group to the polymer chain; these functional groups either accept or release protons in response to the changes in pH value and ionic strength in the solution and are predominantly responsible to determine the swelling behavior of the hydrogel for a given solution.^[@ref29]^

Nevertheless, there is an immense need to develop efficient dual-responsive nanocomposite hydrogels with a high pH sensitivity and capability of actuation and/or probing at a distance.

Herein, we report the significantly high pH sensitivity of the synthesized dual-responsive magnetic hydrogel nanocomposites, which was accomplished by copolymerization (free-radical polymerization) of two pH-sensitive monomers, acrylic acid (AA) and vinylsulfonic acid (VSA) with an optimum ratio, in the presence of presynthesized superparamagnetic iron oxide nanoparticles (Fe~3~O~4~). The monomers contain pH-sensitive functional groups (COO^--^ and SO~3~^--^ for AA and VSA, respectively), and they have also been widely used as biomaterials because of the good biocompatibility.^[@ref30]^ The aim of this work is to develop efficient "intelligent" (smart) pH-responsive hydrogels with both sensor and effector functions.^[@ref31]^

Structural and chemical configurations of the synthesized magnetic hydrogel nanocomposite, poly(acrylic acid-*co*-vinylsulfonic acid), PAAVSA/Fe~3~O~4~, were characterized by X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, and Raman scattering. Thermal stability and magnetic properties were examined by thermogravimetric analysis (TGA) and magnetic vibrating sample magnetometry (VSM), respectively. pH sensitivity of the hydrogel was investigated by swelling studies at different pH values from pH 7 to 1.4. Distinct pH reversibility of the system was also demonstrated through swelling/deswelling analysis. Furthermore, a pH-responsive significant change in the morphology and packing fraction of iron oxide nanoparticles in PAAVSA/Fe~3~O~4~ was explored by energy-dispersive X-ray (EDX) elemental mapping with the field emission scanning electron microscopy (FESEM) study (for freeze-dried^[@ref32]^ PAAVSA/Fe~3~O~4~, swelled at different pH values), which signifies the stimulus-responsive drastic change in susceptibility and induced saturation magnetization of the magnetic hydrogel, which could be easily detectable using a magnetic probe or an impedance analysis technique.

2. Results and Discussion {#sec2}
=========================

The magnetic hydrogel composite, PAAVSA/iron oxide, was prepared by free-radical polymerization from its monomers AA and VSA, in the presence of the cross-linker ethylene glycol dimethacrylate (EGDMA) and the initiator benzoyl peroxide (BPO), and the inclusion of the presynthesized iron oxide magnetic particles. The presence of the cross-linking agent creates a three-dimensional network structure and helps to hold the water and solute molecules into it.^[@ref33]^ At the same time, the embedded iron oxide nanoparticles were utilized to induce magnetic properties in the hydrogels. The inclusion of iron oxide in the hydrogel matrix provides a magnetic behavior, and the material was observed to be attracted toward the conventional permanent magnet. The schematic of the formation of iron oxide nanoparticles and PAAVSA/iron oxide hydrogel and the proposed reaction mechanism are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a--c. The detailed synthesis method of the magnetic hydrogel composite, PAAVSA/iron oxide, has been described in the [Section [4.2](#sec4.2){ref-type="other"}](#sec4.2){ref-type="other"}.

![Schematic for the synthesis of (a) Fe~3~O~4~ magnetic nanoparticles and (b) poly(acrylic acid-*co*-vinylsulfonic acid) magnetic hydrogel nanocomposite, PAAVSA/Fe~3~O~4~, and (c) the proposed reaction mechanism for the synthesis of PAAVSA/Fe~3~O~4~ hydrogel.](ao0c02817_0002){#fig1}

The structural properties of synthesized iron oxide particles and PAAVSA/iron oxide hydrogel were explored by the X-ray diffraction (XRD) technique. The magnetite phase (Fe~3~O~4~) of synthesized iron oxide nanoparticles in PAAVSA/iron oxide was confirmed by the XRD study.

2.1. X-ray Diffraction (XRD) Analysis {#sec2.1}
-------------------------------------

The X-ray diffraction (XRD) pattern of the PAAVSA/iron oxide magnetic hydrogel has been displayed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, along with XRD data of pristine iron oxide nanoparticles and PAAVSA hydrogel. The PAAVSA hydrogel shows amorphous nature, which is consistent with the hydrogel's characteristic structural properties.^[@ref34]^ The diffraction peaks of synthesized pristine iron oxide nanoparticles and the PAAVSA/iron oxide hydrogel were matched with the standard diffraction pattern of cubic Fe~3~O~4~ (magnetite) with a space group of *Fd*3̅*m* (227) (JCPDS PDF card no. 00-001-1111), as illustrated in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The results confirm that the synthesized iron oxide nanoparticles are having a magnetite phase, i.e., Fe~3~O~4~ crystal structure, and Fe~3~O~4~ nanoparticles are incorporated into the hydrogel network. The results indicate that the hybridization process has not resulted in any phase change of the magnetic iron oxide (Fe~3~O~4~) or there is no additional magnetic phase that has been introduced into the magnetic hydrogel nanocomposites during the preparation process, and thus the synthesized PAAVSA/iron oxide hydrogel maintains the magnetic functions of Fe~3~O~4~.^[@ref35]^ The results are also supported by the findings from the Raman scattering study, as discussed in the next section.

![X-ray diffraction patterns of (a) PAAVSA hydrogel, (b) PAAVSA/Fe~3~O~4~ hydrogel, (c) synthesized Fe~3~O~4~ nanoparticles, and (d) reference data, the standard diffraction pattern of cubic Fe~3~O~4~ with a space group of *Fd*3̅*m* (227) (JCPDS PDF card no. 00-001-1111).](ao0c02817_0003){#fig2}

The average particle size of Fe~3~O~4~ nanoparticles was estimated using the Debye--Scherrer formula.^[@ref36]^where *D* is the average size of the crystallites, *K* is the shape factor (*K* = 0.94, considering spherical magnetite nanoparticles), *λ* is the X-ray wavelength, and β is the full width at half-maximum of the highest intensity reflection at diffraction angle θ.^[@ref36]^ The estimated average size of Fe~3~O~4~ nanoparticles was about 8 nm for both the cases (presynthesized Fe~3~O~4~ nanoparticles and PAAVSA/Fe~3~O~4~ hydrogel). In this context, it should be noted that the size of the synthesized nanoparticles has also been confirmed from transmission electron microscopy (TEM) and discussed elsewhere.^[@ref37]^

2.2. Spectroscopic Analysis {#sec2.2}
---------------------------

Raman and FTIR spectroscopy analyses were employed to explore the chemical configuration of the system.

### 2.2.1. Raman Spectroscopy {#sec2.2.1}

Raman spectra of the magnetic nanocomposite hydrogel, PAAVSA/Fe~3~O~4~, are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The spectra of the synthesized PAAVSA hydrogel and iron oxide nanoparticles are also displayed in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} for the purpose of reference. The presence of characteristic bands of the magnetite phase, at 350 cm^--1^ (E~g~), 500 cm^--1^ (T~2g~), and 700 cm^--1^ (A~1g~), in the spectra of PAAVSA/Fe~3~O~4~ hydrogel and pristine iron oxide nanoparticles (as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) confirms the formation of Fe~3~O~4~ magnetic nanoparticles, which is consistent with the XRD results. Here, A~1g~ represents a symmetric stretch of oxygen atoms along Fe--O bonds, E~g~ is a symmetric bend of oxygen with respect to Fe, and T~2g~ is an asymmetric stretch of Fe and O.^[@ref38]^ The characteristic peaks of PAAVSA (corresponding to AA and VSA)^[@cit37a]^ are also evident in the magnetic PAAVSA/Fe~3~O~4~ hydrogel, as displayed and described in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}.

![Raman spectra of the PAAVSA hydrogel, PAAVSA/Fe~3~O~4~ hydrogel, and Fe~3~O~4~ nanoparticle. Top panel: PAAVSA hydrogel: characteristic peaks at (i) 855 cm^--1^ (CCO stretching, AA), (ii) 1456 cm^--1^ (COO symmetric stretching, AA), (iii) 1707 cm^--1^ (COO asymmetric stretching, AA), and (iv) 1043 cm^--1^ (−SO~3~^--^ symmetric vibrational mode, VSA). Bottom panel: Fe~3~O~4~ nanoparticle: characteristic peaks at (v) 350 cm^--1^ (E~g~ symmetric bend of oxygen with respect Fe), (vi) 500 cm^--1^ (T~2g~ asymmetric stretch of Fe and O symmetric mode of vibration), and (vii) 700 cm^--1^ (A~1g~ symmetric stretch of oxygen atoms along Fe--O bonds). Middle panel: PAAVSA/Fe~3~O~4~ composite hydrogel: the additional bands at 1431 and 1597 cm^--1^ correspond to the formation of the COO^--^ and Fe complex and are represented by solid stars.](ao0c02817_0004){#fig3}

The presence of additional peaks at 1431 and 1597 cm^--1^ in PAAVSA/Fe~3~O~4~ hydrogel Raman spectra indicates the formation of the COO^--^ and Fe complex^[@ref39]^ and signifies the attachment (bonding) of Fe~3~O~4~ nanoparticles with the polymer (PAAVSA) chain, in the composite hydrogel, which has been further confirmed through FTIR spectroscopy as discussed in the next section.

### 2.2.2. FTIR Spectroscopy {#sec2.2.2}

FTIR spectra of the PAAVSA/Fe~3~O~4~ magnetic hydrogel and reference spectra of the PAAVSA hydrogel and pristine Fe~3~O~4~ nanoparticles are illustrated in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}.

![FTIR spectra of the PAAVSA hydrogel, PAAVSA/Fe~3~O~4~ hydrogel, and Fe~3~O~4~ nanoparticle. Top panel: PAAVSA hydrogel: characteristic bands at (i) 1724 cm^--1^ (−C=O stretching vibration of COOH of AA), (iii) 1407 cm^--1^ (COO^--^ symmetric stretching vibration of AA), (iv) 1170 cm^--1^ (−SO~3~^--^ symmetric stretching vibration of VSA), and (v) 1040 cm^--1^ (−S=O stretching vibration of VSA). Bottom panel: Fe~3~O~4~ nanoparticle: characteristic bands at (ii) 1593 cm^--1^ (−OH bending mode) and (vi) 590 cm^--1^ (Fe--O vibration). Middle panel: PAAVSA/Fe~3~O~4~ composite hydrogel: additional bands at 1431 and 1587 cm^--1^ correspond to the COO--Fe bond; the band at 1407 cm^--1^ with higher relative intensity and slight peak shift corresponds to the interaction of Fe~3~O~4~ and carboxylate ions (COO^--^) (represented by solid stars); and the band at 1190 cm^--1^ corresponds to the interaction between the SO~3~^--^ group and Fe~3~O~4~ nanoparticles (represented by an open star).](ao0c02817_0005){#fig4}

The presence of characteristic bands of PAAVSA (correspond to AA and VSA) in the FTIR spectrum of the PAAVSA/Fe~3~O~4~ magnetic hydrogel is demonstrated and described in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. The bands appearing at 1724 and 1407 cm^--1^ in the spectrum of the PAAVSA/Fe~3~O~4~ magnetic hydrogel (and PAAVSA hydrogel) are ascribed to the stretching vibration of (−C=O) and symmetric stretching vibration of COO^--^ of AA, respectively,^[@ref40]^ whereas the bands at 1170 and 1040 cm^--1^ correspond to the −SO~3~^--^ symmetric stretching vibration^[@ref41]^ and S=O stretching vibration of VSA,^[@ref42]^ respectively. It should be noted that the absorption band at 1407 cm^--1^ in the FTIR spectrum of PAAVSA/Fe~3~O~4~ shows a change in relative intensity along with a slight peak shift, which can be ascribed to the interaction of Fe~3~O~4~ and carboxylate ions (COO^--^) of the PAAVSA hydrogel.^[@ref43]^ Moreover, the absorption band at 1170 cm^--1^ shifts to a higher wavenumber, 1190 cm^--1^, which can be attributed to the chemical interaction between the SO~3~^--^ group (of PAAVSA) and Fe~3~O~4~ nanoparticles,^[@ref44]^ indicating further the attachment of Fe~3~O~4~ nanoparticles with the PAAVSA chain.

Furthermore, the FTIR spectrum of PAAVSA/Fe~3~O~4~ indicates two additional absorption bands at 1431 and 1587 cm^--1^, which match with the characteristic bands of the COO--Fe bond^[@cit43b],[@ref45]^ and can be attributed to the attachment of Fe~3~O~4~ nanoparticles with the functional group of AA.

The strong vibration band at 590 cm^--1^, in FTIR spectra of Fe~3~O~4~ and PAAVSA/Fe~3~O~4~, can be ascribed to the characteristic Fe--O vibrations bond, which corresponds to the Fe~3~O~4~ nanoparticles.^[@cit43a]^ The additional peak at 1593 cm^--1^ in FTIR spectra of pristine Fe~3~O~4~ nanoparticles (Fe~3~O~4~(OH)*~x~*^[@ref45]^) corresponds to the −OH bending modes, as present at the surface of Fe~3~O~4~ nanoparticles.^[@ref46]^

The Raman and FTIR results reveal that during polymerization, Fe~3~O~4~ nanoparticles interdiffused and dispersed in the polymer matrix. The hydroxide radical groups on the surface of Fe~3~O~4~ interact with COO^--^ and SO~3~^--^ of the PAAVSA hydrogel, which could give rise to an efficient embedding of Fe~3~O~4~ nanoparticles into the polymer matrix of PAAVSA, and a PAAVSA/Fe~3~O~4~ magnetic hydrogel nanocomposite network structure can be formed gradually.^[@ref47]^

2.3. Magnetic Properties {#sec2.3}
------------------------

The magnetic behaviors of the Fe~3~O~4~ nanoparticle and PAAVSA/Fe~3~O~4~ magnetic hydrogel were studied by vibrating sample magnetometry (VSM) at room temperature. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} presents the plots of magnetization versus the applied magnetic field strength of PAAVSA/Fe~3~O~4~ and pristine Fe~3~O~4~ nanoparticles. The results demonstrate that both pristine Fe~3~O~4~ nanoparticle and PAAVSA/Fe~3~O~4~ magnetic hydrogel exhibit superparamagnetic behavior with negligible coercivity and remanence.^[@ref48]^ Superparamagnetism, which is the ability to become magnetized when a magnetic field is applied but has no permanent magnetization (remanence) after the magnetic field is removed, plays a crucial role for many important applications such as drug delivery, magnetically targeted therapy, magnetic resonance imaging, magnetic separation, etc.^[@ref46],[@ref49]^ At the plateau, i.e., an applied magnetic field of ∼2.3--20 kOe range, the induced magnetization in the superparamagnetic hydrogel, PAAVSA/Fe~3~O~4~, is found to be about 1.4--1.8 emu/g at room temperature, which is very much compatible for the above-mentioned applications.^[@ref46],[@ref49]^ However, at room temperature, the pristine Fe~3~O~4~ nanoparticles exhibit induced magnetization of 41.3--57.7 emu/g at the plateau (at *H* ∼2.3--20 kOe), which is consistent with the reported results in the literature.^[@ref50]^ The results indicate a reduction in saturation magnetization of PAAVSA/Fe~3~O~4~ with respect to that of pristine Fe~3~O~4~, which mainly results from the embedded and dispersed Fe~3~O~4~ nanoparticles in the PAAVSA/Fe~3~O~4~ system, and the reduction amount implies that the system contains about 3 wt % Fe~3~O~4~ nanoparticles.^[@ref47]^

![Plot of magnetization (*M*) as a function of applied magnetic field (*H*) for Fe~3~O~4~ nanoparticles and the magnetic hydrogel nanocomposite, PAAVSA/Fe~3~O~4~, at room temperature.](ao0c02817_0006){#fig5}

The magnetic property of the material signifies its various potential applications such as in magnetic resonance imaging (MRI),^[@cit49b]^ drug delivery,^[@cit49c]^ magnetically targeted therapy of tumor,^[@ref46]^ and magnetic separation,^[@cit49a]^ in addition to its applications as an NMR contrast agent.^[@ref51]^

2.4. Thermogravimetric Analysis (TGA) {#sec2.4}
-------------------------------------

Thermogravimetric analysis (TGA) was carried out for the PAAVSA/Fe~3~O~4~ composite to explore the thermal stability of the synthesized magnetic hydrogel. TGA for pristine PAAVSA and Fe~3~O~4~ nanoparticles was also conducted for the purpose of comparison and is displayed in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. The results revealed that the magnetic nanoparticles (Fe~3~O~4~) caused an increase in the thermal stability of the PAAVSA hydrogel. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows that the PAAVSA/Fe~3~O~4~ magnetic hydrogel is quite stable up to 200 °C; weight loss of up to 30% is observed at 300 °C, while the maximum weight loss is observed at about 450 °C. TGA data for both PAAVSA and PAAVSA/Fe~3~O~4~ comprise two distinct thermal degradation stages within the 230--450 °C range. The observed enhancement in thermal stability of PAAVSA/Fe~3~O~4~ can be ascribed to the following two factors: (1) loading of Fe~3~O~4~ nanoparticles (about 3 wt %, as discussed in earlier section) into the polymer matrix (PAAVSA), which can improve its thermal stability, since Fe~3~O~4~ nanoparticles have good thermal stability, as demonstrated in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, and (2) the interaction effect between nanoparticles and the polymer matrix, which limits the movement of the molecular chain of the polymer and protects the PAAVSA matrix from further degradation,^[@ref52]^ which in turn enhance the thermal stability of the system in addition (about 4--5%) in comparison to that of the mixture of noninteracting Fe~3~O~4~ nanoparticles and PAAVSA, which can be observed and estimated from the comparison of percent residual weights of PAAVSA/Fe~3~O~4~, PAAVSA, and Fe~3~O~4~,^[@ref52],[@ref53]^ as displayed in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}.

![TGA curve of the Fe~3~O~4~ magnetic nanoparticle, PAAVSA/Fe~3~O~4~ magnetic hydrogel, and the PAAVSA hydrogel.](ao0c02817_0007){#fig6}

2.5. Swelling Measurements {#sec2.5}
--------------------------

### 2.5.1. pH Sensitivity {#sec2.5.1}

The hydrogel, PAAVSA/Fe~3~O~4~, is magnetic in nature because of the presence of embedded Fe~3~O~4~ nanoparticles (as discussed in the earlier section) and also exhibits remarkable pH sensitivity. Such materials have potential applications in sensors, medical diagnostics, and targeted drug delivery-related systems. The pH-sensitive swelling properties of the PAAVSA/Fe~3~O~4~ magnetic hydrogel were studied and are shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. The swelling ratio (SR) of the magnetic hydrogel nanocomposite samples, PAAVSA/Fe~3~O~4~, was determined using the gravimetric method,^[@cit37a]^ as discussed in [Section [4.1](#sec4.1){ref-type="other"}](#sec4.1){ref-type="other"}. In a typical procedure, 101 mg of the dry PAAVSA/Fe~3~O~4~ hydrogel was immersed in 100 mL of buffer solution of different pH values from pH 7 to 1.4 at room temperature, where HCl (0.05 M) was used to adjust the pH of buffer solution. At regular time intervals, the swollen gel was taken out from the medium and the weight of the swollen gel was measured after removing the excess of water by a filter paper. The procedure was continued until a constant weight of the swollen gel was achieved. The swelling ratio (*S*) was calculated using the following equation^[@cit37a],[@ref54]^where *W*~s~ and *W*~d~ are the weights of the swollen and dried PAAVSA/Fe~3~O~4~ hydrogels, respectively.

![(a) Swelling ratio of the PAAVSA/Fe~3~O~4~ magnetic hydrogel in different pH solutions: pH 1.4, 3.4, 4.1, 5, and 7; (b) influence of pH during swelling on the equilibrium swelling ratio; and (c) photographs showing the effect of pH (pH 7 and 1.4) on the PAAVSA/Fe~3~O~4~ hydrogel (101 mg of PAAVSA/Fe~3~O~4~ in 100 mL of solution).](ao0c02817_0008){#fig7}

Using [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}, the swelling rate (SR) and equilibrium swelling (*S*~e~) were estimated from the swelling ratio (*S*) vs time plot, as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}.^[@cit37a],[@ref55]^where *S~t~* (g/g) and *S*~e~ (g/g) represent the swelling ratio at time *t* and equilibrium swelling, respectively, and τ (min) represents the rate parameter.

The swelling rate (SR) (g/(g·min)) for PAAVSA/Fe~3~O~4~ at different pH values was determined from the following equation^[@cit37a],[@ref55]^where *S*~τ~ (g/g) is the swelling at the time τ (min).

The results, [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, demonstrate that the swelling behavior/capacity of the PAAVSA/Fe~3~O~4~ magnetic hydrogel, in terms of the swelling rate and equilibrium swelling, decreases with decreasing pH value from neutral to acidic, i.e., 7--1.4. [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} shows the swelling rate (SR) and equilibrium swelling (*S*~e~) of PAAVSA/Fe~3~O~4~ at different pH values.

###### Swelling Characteristics of the PAAVSA/Fe~3~O~4~ Hydrogel at Different pH Values

        **PAAVSA/Fe**~**3**~**O**~**4**~   
  ----- ---------------------------------- ------
  7     4.2                                100
  5     3.6                                58.5
  4.1   2.4                                12
  3.4   0.6                                6
  1.4   0.6                                2.2

The results reveal that there is a sharp enhancement in the swelling behavior (in terms of SR and *S*~e~) of PAAVSA/Fe~3~O~4~ when the pH value goes above 4. Distinctly high pH sensitivity of the hydrogel in the pH range of 1.4--7 is evident (see also [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02817/suppl_file/ao0c02817_si_001.pdf), Supporting Information). The results show that the change in pH values from pH 4.1 (or below) to pH 7 causes a large variation in equilibrium swelling ratio, which is about 1000% (or more), as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} and [Tables [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02817/suppl_file/ao0c02817_si_001.pdf). The variation in swelling behavior can be attributed to the fact that as the pH value increases, the ionization of available −COOH and −SO~3~H functional groups (COO^--^ and SO~3~^--^) in the PAAVSA/Fe~3~O~4~ hydrogel enhances gradually, which causes a large electrostatic repulsion between neighboring ionized COO^--^ and SO~3~^--^ groups of the network structure, and the concentration of ions inside the hydrogel increases than in the surrounding solution, which causes an osmotic pressure difference between the hydrogel and the solution and results in a water flow into the hydrogel and consequently a swelling in the hydrogel.^[@ref33],[@ref56]^

The swelling behavior and pH sensitivity of the PAAVSA/Fe~3~O~4~ hydrogel were compared with those of the other magnetic hydrogels reported in the literature^[@ref47],[@ref57]^ (provided in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02817/suppl_file/ao0c02817_si_001.pdf), Supporting Information). It should be noted that the observed pH sensitivity of PAAVSA/Fe~3~O~4~ is reasonably high (from pH 7 to lower pH values) in comparison to those of the earlier reported magnetic hydrogels involving Fe~3~O~4~ nanoparticles.

The pH sensitivity of the magnetic hydrogel was further studied by conducting a swelling/deswelling (or swelling reversibility) study for PAAVSA/Fe~3~O~4~ at pH values 7 and 4.1 at room temperature. [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} displays the characteristic swelling/deswelling behavior of PAAVSA/Fe~3~O~4~.

![Swelling/deswelling behavior of the PAAVSA/Fe~3~O~4~ hydrogel: (a) pH-dependent three consecutive swelling (pH 7) and deswelling (pH 4.1) cycles for PAAVSA/Fe~3~O~4~. (b) Swelling data (solid squares) for the second cycle when the pH value varies from 4.1 to 7 and the corresponding fit is shown by a dotted line; (c) deswelling data (solid squares) for the second cycle when the pH value varies from 7 to 4.1 and the corresponding fit is shown by a dotted line. The *X*-axis has been shifted to get the initial point at a time *t* = 0 for (b) and (c).](ao0c02817_0009){#fig8}

The results indicate excellent reversibility in the swelling ratio of PAAVSA/Fe~3~O~4~ for a given set of pH values, pH 7 and 4.1. Swelling and deswelling rates and rate parameters of PAAVSA/Fe~3~O~4~ for variation of pH values from 7 to 4.1 and vice versa were estimated by fitting the swelling and deswelling curves, as shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b,c, with the following equations.

For swelling (from lower pH to higher pH values)where *S*~*t*~ (g/g), *S*~e~ (g/g), and *S*~0~ (g/g) represent the swelling ratio at time *t*; equilibrium swelling ratios at a higher pH value (pH 7) and a lower pH value (pH 4.1), respectively; and τ (min) represents the rate parameter for deswelling.

The swelling rate, SR (g/(g·min)), of PAAVSA/Fe~3~O~4~, for change in pH value from 4.1 to 7, was determined from the following equationwhere *S*~τ~ (g/g) is the swelling at time τ (min).

For deswelling (from higher pH to lower pH values)where *S*~*t*D~ (g/g), *S*~0~ (g/g), and *S*~e~ (g/g) represent the deswelling ratio at time *t*; equilibrium swelling ratios at a lower pH value (pH 4.1) and higher pH value (pH 7), respectively; and τ~D~ (min) represents the rate parameter for deswelling.

The deswelling rate, DSR (g/(g·min)), of PAAVSA/Fe~3~O~4~, for change in pH value from 7 to 4.1, was determined from the following equationwhere *S*~τD~ (g/g) is the deswelling at time τ~D~ (min).

The results have been summarized in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, which indicate the excellent response to the pH reversibility of the magnetic hydrogel PAAVSA/Fe~3~O~4~. Findings reveal that the swelling rate of the hydrogel gets noticeably improved from the second cycle and matches with the deswelling rate, which is very much compatible with the specific applications, as described in the next section.

###### Swelling and Deswelling Characteristics of the PAAVSA/Fe~3~O~4~ Hydrogel as a Result of pH Reversibility between pH values 7 and 4.1

            swelling              deswelling (pH 7--4.1)        
  --------- --------------------- ------------------------ ---- ------
  cycle 1   100 (pH 7)            4.8 (pH 7)               13   15.6
  cycle 2   99 (pH 4.1--7)        15.6 (pH 4.1--7)         13   17.4
  cycle 3   99 (pH 4.1 to pH 7)   17.4 (pH 4.1--7)         14   16.8

In general, for a stimulus-responsive hydrogel, the swelling/deswelling behavior is in a way connected with the loading of drug molecules into and controlled release of drug molecules from the hydrogel matrix.^[@ref58]^ In this context, it should be noted that the deswelling/swelling rate of PAAVSA/Fe~3~O~4~ is ∼0.3 g/(g·min) (i.e., about 17 g/(g·h)), which is very much compatible with the requisite rates for the controlled drug release process for various drug delivery systems.^[@ref59]^ Thus, the pH-sensitive PAAVSA/Fe~3~O~4~ magnetic hydrogel with its pH-dependent sustained loading/release profile indicates its potential to be used in site-specific delivery of drugs^[@ref60]^ for controlled drug transport applications with a requirement of sustained delivery over a longer time period/prolonged drug retention time, such as local gastric diseases (e.g., gastritis, gastric ulcer, and gastric carcinoma),^[@ref61]^ in vitro release of the drug (e.g., curcumin) to cure cuts and burns,^[@ref62]^ as an anticancer drug carrier,^[@ref47]^ in tumors, and in diseased blood vessel.^[@ref63]^ In this context, it should be noted that the biocompatibility (cytotoxicity) of the hydrogel (for 72 h) was evaluated with HEK-293 cells and discussed elsewhere,^[@ref37]^ where the biocompatible and nontoxic nature of the hydrogel was observed.

The hydrogel, PAAVSA/Fe~3~O~4~, with high pH sensitivity and distinct superparamagnetic properties, shows potential applications in targeted and controlled drug delivery,^[@cit49c]^ bioseparation,^[@cit57c]^ and pH sensors.^[@ref64]^ It has also immense potential to be used as a biosensor in disease diagnosis, such as gastroesophageal reflux disease (GERD), where pH of esophagus in normal conditions is close to 7, whereas it goes down to 4 or below intermittently in a diseased condition, due to gastroesophageal reflux.^[@ref65]^

### 2.5.2. Field Emission Scanning Electron Microscopy (FESEM) and Energy-Dispersive X-ray (EDX) Analysis: Morphology and Elemental Mapping {#sec2.5.2}

The morphology of the swelled PAAVSA/Fe~3~O~4~ magnetic hydrogel at different pH values (after the swollen hydrogels were freeze-dried^[@ref32]^) was further investigated by field emission scanning electron microscopy (FESEM), as shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a--d. The corresponding elemental mapping (Fe), through energy-dispersive X-ray analysis (EDX), has been displayed in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}e--h. However, the composition and the homogeneity of the as-prepared PAAVSA/Fe~3~O~4~ magnetic hydrogel were confirmed by EDX analysis and the corresponding elemental mapping (C, O, S, and Fe), as demonstrated in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02817/suppl_file/ao0c02817_si_001.pdf), Supporting Information.

![(a--d) SEM images of the freeze-dried PAAVSA/Fe~3~O~4~ hydrogel after swelling at pH values 7, 5, 4.1, and 1.4; (e--h) elemental maps for Fe showing the distribution of Fe in the PAAVSA/Fe~3~O~4~ hydrogel; and (i) schematic of reduction in the volume of the PAAVSA/Fe~3~O~4~ hydrogel with a change in the equilibrium swelling ratio.](ao0c02817_0010){#fig9}

The swollen hydrogel, PAAVSA/Fe~3~O~4~, after reaching the equilibrium swelling state for a given pH solution, was lyophilized to preserve the structure of the hydrogel^[@ref32]^ for the FESEM/EDX study. The study shows that there was no anisotropy in surface morphology of the PAAVSA/Fe~3~O~4~ hydrogel for a given pH value, as shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}, indicating the homogeneous swelling nature of the hydrogel. However, with the change in pH value from 7 to 1.4, the morphology of PAAVSA/Fe~3~O~4~ altered distinctly ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a--d). A well-defined porous structure with larger pore sizes is evident at higher pH values (e.g., pH 7), and the structure eventually diminishes/shrinks at a lower pH value. The observed pH dependency in the morphology of PAAVSA/Fe~3~O~4~ ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a--d) is well consistent with the swelling properties of the hydrogel ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a).

Furthermore, to probe the distribution of iron oxide (Fe~3~O~4~) nanoparticles in the PAAVSA/Fe~3~O~4~ hydrogel at different pH values, in connection with the change in morphology, corresponding elemental (Fe) mapping results are displayed in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}e--h. The results clearly indicate that the iron oxide nanoparticles were well separated/dispersed in the PAAVSA/Fe~3~O~4~ hydrogel at pH 7, which eventually got compressed at lower pH values and became substantially/drastically dense at pH 4 and below. These results were in coherence with the swelling behavior of the magnetic hydrogel, where the equilibrium swelling ratio was dropped by 90% (and 95%) corresponding to a decrease in pH value from 7 to 4.1 (and 1.4) (as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a,b); in addition, the reduction in equilibrium swelling ratio results in the reduction in the volume of the hydrogel, as demonstrated in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c. The results have been schematically represented in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}i.

The results signify a stimulus-responsive drastic change in the packing fraction of Fe~3~O~4~ nanoparticles (and hence the susceptibility and induced saturation magnetization^[@ref66]^) within the PAAVSA/Fe~3~O~4~ system along with its change in equilibrium swelling ratio. Consequently, such immense and significant pH response of the magnetic hydrogel system, in the pH range 7--1.4, provides opportunity to utilize the system efficiently for diagnosis purposes using impedance analysis, based on the change in permeability of the system,^[@ref64]^ and in another effective way using the handheld magnetic probe technique.^[@ref67]^ The schematic of an envisioned application of the system is shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}.

![Schematic of an envisioned application of the PAAVSA/Fe~3~O~4~ magnetic hydrogel system for disease detection using a magnetic probe.](ao0c02817_0011){#fig10}

These above-mentioned aspects render the PAAVSA/Fe~3~O~4~ system versatile for potential applications in targeted and controlled drug delivery,^[@cit49c]^ magnetically targeted therapy,^[@ref46]^ bioseparation,^[@cit57c]^ pH sensors.^[@ref64]^ It has also immense potential to be used as biosensors in disease diagnosis, such as gastroesophageal reflux disease (GERD), where pH of esophagus in normal conditions is close to 7, whereas it goes down to 4 or below intermittently in a diseased condition, due to gastroesophageal reflux.^[@ref65]^

3. Conclusions {#sec3}
==============

In summary, we have developed a magnetic hydrogel, PAAVSA/Fe~3~O~4~, possessing high pH sensitivity in the pH range of 7--1.4, which is an effective region for various biomedical applications (such as drug delivery systems, disease diagnosis, and biosensors) related to different diseases. Fe~3~O~4~ nanoparticles, Fe~3~O~4~(OH)*~x~*, of size ∼10 nm, were prepared by the chemical coprecipitation method. In the presence of these Fe~3~O~4~ nanoparticles and with acrylic acid (AA) and vinylsulfonic acid (VSA) as monomers, the poly(acrylic acid-*co*-vinylsulfonic acid) (PAAVSA)-based biocompatible magnetic hydrogel was synthesized using the free-radical polymerization method.

We have demonstrated that the variation in the equilibrium swelling ratio of the magnetic hydrogel is reportedly high in response to the change of pH in the range of 1.4--7. For example, the equilibrium swelling ratio enhances about 50 times (or 5000%) when pH varies from 1.4 to 7. A sharp enhancement in the swelling behavior of PAAVSA/Fe~3~O~4~ as the pH value goes above 4 has been reported. Consistent reversibility in pH response has also been established by the swelling--deswelling study for a number of cycles. The stimulus-responsive significant change in the swelling behavior of the magnetic hydrogel was attributed to the optimized AA-to-VSA ratio, which leads to the better availability of active COO^--^ and SO~3~^--^ groups (i.e., the pH-responsive functional groups of AA and VSA, respectively), to achieve the substantial repulsion in the gel network^[@ref54],[@ref68]^ to avail the high water absorbance capacity at high pH (e.g., pH 7) relative to the lower pH (e.g., pH 4.1 or below). The magnetic hydrogel had shown excellent thermal stability (till 200 °C), as found from the TGA analysis. The structural and chemical configurations of the magnetic hydrogel, PAAVSA/Fe~3~O~4~, were characterized by XRD, FTIR, and Raman spectroscopy. Attachment (bonding) of iron oxide nanoparticles (Fe~3~O~4~(OH)*~x~*) with the functional groups (COO^--^ and SO~3~^--^) of the polymer (PAAVSA) chain was evident from FTIR and Raman spectroscopy analyses. Furthermore, the VSM study established the important superparamagnetic properties of PAAVSA/Fe~3~O~4~ at room temperature. However, the packing fraction of Fe~3~O~4~ nanoparticles in the PAAVSA/Fe~3~O~4~ hydrogel was largely enhanced in response to the decrease in pH from 7 to 4.1 (or below), as observed from the EDX elemental mapping with the FESEM study (for freeze-dried PAAVSA/Fe~3~O~4~), which was consistent with the observed reduction in equilibrium swelling ratio with lowering of pH. The results signify a stimulus-responsive drastic change in the packing fraction of Fe~3~O~4~ nanoparticles and hence the susceptibility and induced saturation magnetization of the magnetic hydrogel. This important feature could be easily utilized for the purpose of diagnosis using a magnetic probe and/or an impedance analysis technique.

These aspects have made the PAAVSA/Fe~3~O~4~ system a potential candidate for application in targeted and controlled drug delivery systems (such as a suitable anticancer drug carrier or in gastro-retentive drug delivery system for the treatment of gastric diseases), magnetically targeted therapy, bioseparation at different pH values, pH sensors, environmental remediation (such as dye adsorption and separation for wastewater treatment), and the sensing applications based on pH stimulus. It has also immense potential to be used as a magnetic biosensor in disease diagnosis, such as for gastroesophageal reflux disease (GERD), where the pH of esophagus goes down to 4 or below in the diseased condition.

4. Experimental Section {#sec4}
=======================

4.1. Materials {#sec4.1}
--------------

The poly(acrylic acid-*co*-vinylsulfonic acid) magnetic hydrogel was prepared using acrylic acid (AA) (Sigma-Aldrich) and vinylsulfonic acid (VSA) (Sigma-Aldrich) as monomers, along with benzoyl peroxide (BPO) (HiMedia) and ethylene glycol dimethacrylate (EGDMA) (Alfa Aesar) as an initiator and a cross-linker, respectively. For Fe~3~O~4~ nanoparticle synthesis, iron(II) chloride tetrahydrate (FeCl~2~·4H~2~O) (Sigma-Aldrich) and iron(III) chloride (FeCl~3~·6H~2~O) (Sigma-Aldrich) were used. The required aqueous solutions were prepared with deionized water, and the pH of aqueous solutions was maintained by adding appropriate amounts of HCl (0.05 M) or NaOH (0.05 M) solutions (Merck).

4.2. Synthesis of a Magnetic Hydrogel Nanocomposite, PAAVSA/Fe~3~O~4~, Based on Poly(acrylic acid-*co*-vinylsulfonic acid) and Fe~3~O~4~ {#sec4.2}
----------------------------------------------------------------------------------------------------------------------------------------

In this work, the poly(acrylic acid-*co*-vinylsulfonic acid) magnetic hydrogel nanocomposite (PAAVSA/Fe~3~O~4~) was synthesized to achieve an efficient pH-sensitive magnetic hydrogel. Two steps were followed. The first step was to prepare the iron oxide magnetic nanoparticles (Fe~3~O~4~), and the next step was to synthesize the composite, PAAVSA/Fe~3~O~4~, hydrogel. The Fe~3~O~4~ nanoparticles were prepared using a chemical coprecipitation method.^[@cit49a]^ Iron oxide magnetic nanoparticles, synthesized by this method, were stabilized with their preserved particle size (preventing agglomeration) by having hydroxyl groups on their surface,^[@ref69]^ which are generally represented as Fe~3~O~4~(OH)*~x~*.^[@ref45]^ FeCl~3~·6H~2~O and FeCl~2~·4H~2~O (mole ratio = 2:1) were dissolved in 160 mL of distilled water, and then the solution was stirred at room temperature followed by removal of dissolved oxygen with N~2~ gas purging. The pH value of the mixed solution was adjusted to 10.0 by adding NaOH, and this solution was stirred at 70 °C for 1 h. The resulting solution was cooled down to room temperature and then washed with deionized water and ethanol several times to remove any unreacted chemicals. Finally, the obtained products were vacuum-dried for 24 h and stored for further use.

The PAAVSA/Fe~3~O~4~ hydrogel was synthesized with AA and VSA as monomers using the free-radical polymerization method^[@cit50a]^ in the presence of presynthesized Fe~3~O~4~ nanoparticles.^[@cit2c],[@ref70]^ AA and VSA with an optimized weight ratio of 5:1 (as discussed in our earlier study^[@cit37a]^) and weighed amounts of EGDMA and BPO were dissolved under continuous stirring for 30 min. Then, 0.6 g of Fe~3~O~4~ nanoparticles was added to the above solution and the final weight up to 50 g was achieved with Milli-Q water. The mixture solution was stirred for 1 h, and the solution was then poured into a glass tube and purged with nitrogen gas for 2 h to remove the air bubbles. Then, the prepared solution was placed in a water bath for 48 h at 50 °C to complete the gelation process to get the magnetic poly(acrylic acid-*co*-vinylsulfonic acid) hydrogel (PAAVSA/Fe~3~O~4~). After that, the solution was cooled down to room temperature and the obtained magnetic hydrogel was washed with an ethanol--water solution (50:50 v/v) to remove the unreacted monomers. The obtained magnetic hydrogel was then dried in an oven at 60 °C until a constant weight was achieved. The schematic of the formation of Fe~3~O~4~ nanoparticles and the PAAVSA/Fe~3~O~4~ hydrogel and the proposed reaction mechanism are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a--c.

4.3. Characterization Techniques {#sec4.3}
--------------------------------

The structural properties and crystallinity of the Fe~3~O~4~ and PAAVSA/Fe~3~O~4~ magnetic hydrogel were investigated by X-ray diffraction (XRD) with Cu Kα radiation (λ = 1.54 Å) using a Rigaku SmartLab automated multipurpose X-ray diffractometer.

FTIR spectra of Fe~3~O~4~ nanoparticles, PAAVSA hydrogel, and PAAVSA/Fe~3~O~4~ hydrogel were recorded with a Fourier transform infrared spectrometer (Tensor 27, Bruker) in the range of 4000--400 cm^--1^. The Raman scattering study was carried out for the same group of samples using a Raman spectrophotometer (LabRAM HR Evolution, Horiba Scientific) in the range of 1900--150 cm^--1^ with a 532 nm He--Ne laser of 1 mW power focused onto a spot size 0.8 mm in diameter.

Thermogravimetric analysis was performed using a Mettler Toledo thermal analysis system to determine the thermal stability of the PAAVSA/Fe~3~O~4~ magnetic hydrogel. Samples (∼7.6 mg) were heated from room temperature to 800 °C at a heating rate of 10 °C/min in a nitrogen atmosphere.

The magnetic properties (magnetization, *M*) of the Fe~3~O~4~ nanoparticles and the PAAVSA/Fe~3~O~4~ hydrogel were measured at room temperature (25 °C) in a magnetic field varying from −2 to +2 T using a vibrating sample magnetometer (model PPMS 16T VSM, Quantum Design).

The surface morphology, energy-dispersive X-ray (EDX) analysis, and elemental mapping of the as-prepared PAAVSA/Fe~3~O~4~ hydrogel and the hydrogel in different pH solutions were studied (after the swollen hydrogels were freeze-dried^[@ref32]^) by field emission scanning electron microscopy (FESEM, Supra55 Zeiss and JSM 7610F, JEOL).

4.4. Swelling Experiments {#sec4.4}
-------------------------

To explore the swelling performance of the PAAVSA/Fe~3~O~4~ hydrogel, swelling measurements were carried out using a gravimetric method for different pH values in the range of 7--1.4 (pH 7, 5, 4.1, 3.4, and 1.4) at room temperature. In a typical procedure, 101 mg of the dry PAAVSA/Fe~3~O~4~ hydrogel was immersed in 100 mL of buffer solution of different pH values from acidic to alkaline at room temperature, where HCl (0.05 M) and NaOH (0.05 M) were used to adjust the pH of buffer solution,^[@cit37a],[@ref54]^ and then the swelling ratio (or swelling capacity) of the PAAVSA/Fe~3~O~4~ hydrogel was estimated (using [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}) at a given time interval (with time) for a given pH value.

4.5. pH Reversibility: Swelling/Deswelling Experiment {#sec4.5}
-----------------------------------------------------

The pH reversibility of the PAAVSA/Fe~3~O~4~ hydrogel was investigated in terms of its pH-dependent swelling/deswelling cycling capability for a given set of characteristic pH values, pH 4.1--7.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c02817](https://pubs.acs.org/doi/10.1021/acsomega.0c02817?goto=supporting-info).Comparison of the pH sensitivity of the PAAVSA/Fe~3~O~4~ magnetic hydrogel (reported in this study) with other magnetic hydrogels from literature survey (Table S1); EDX spectrum along with the corresponding EDX elemental mapping for the as-prepared dry PAAVSA/Fe~3~O~4~ hydrogel (Figure S1); the presence of C, O, S, and Fe elements confirmed by their peaks in the EDX elemental spectrum; and the corresponding elemental mapping showing the uniform distribution of C, O, S, and Fe elements over PAAVSA/Fe~3~O~4~ (Figure S1) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02817/suppl_file/ao0c02817_si_001.pdf))
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